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Abstract

The status of Sage-grouse (Centrocercus wrophasionus) is of increasing concern, as populations throughout
its range have contracted as a result of habital loss and degradation. IHistorically, Sage-grouse were classi-
fied into two subspecies: eastern (O w wroplasionus) and western Sage-grouse (O n. phaios) based on slight
differences in coloration noted among eight individuals sampled from Washington, Oregon, and California. We
sequenced a rapidly evelving portion of the mitochondrial contrel region in 332 birds from 16 populations.
Although our sampling area covers the proposed houndary between the eastern and western subspecies, no
genetic evidence to support the delineation of these subspecies was found, However, a population straddling
southwestern Nevada and eastern California was found to contain an unusually high proportion of unigue haplo-
types, consistent with its genetic isolation from other Sage-grouse populations. Of additional interest was the lack
of diversity in the two populatons sampled from Washington, one of which contained only a single haplotype.
W suggest that multiple lines of evidence are valuable for the formulation of conservation strategies and hence
the southwestern Mevadafeastern California population merits further morphological, behavioral, and molecular
investigaion.

Introduction

The status of Sage-crouse (Cenfrocercus wrophasi-
anns) is of increasing concern,  as  populations
throughout its range have been negatively impacted by
habitat loss and degradation (Braun 1998). This has
resulted in their extirpation (rom [ive U.S. states and
one Canadian province (Johnsgard 1973; Braun 1998).
Remaining populations often become isolated and
contain small numbers of individuals (Braun 1995
{Figure 1),

Historically, Sage-grouse were classified into
lwo subspecies: eastern (O u. wrophasiarus) and
western Sage-grouse (. w. phaios) based on slight

color differences in eight individuals collected from
Washington, Oregon and California (Aldrich 1946),
Western Sage-grouse presumably occurred in southern
British Columhia, central Washington, east-central
Oregon, and northeastern Calilornia (Aldrich 1946).
Populations in other areas of the range are con-
sidered to be eastern Sage-grouse. The validity ol
this laxonomic distinclion has since been questioned
iJohnsgard 1983).

While this specics has recently been the target of
ealensive conservation efforts, the taxonomic/genetic
relationships between populationsisubspecies remain
poorly understood. At the southeastern edge of their
range, Sage-grouse from southwestern Colorado and
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Fignre 1. Historic (early 1%0sp and current distiiburion af Sage-grouse in western North America,

southeastern Utah have recently been described as
a new species known as Gunnison Sage-grouse (C
minimus) {Young et al. 2000), based on morpholo-
gical (Hupp and Braun 1991), behavioral (Young et
al. 1994), and genetic (Kahn et al. 1999; Oyler-
McCance et al, 1999) data. For the genetic studies,
Oyler-McCance et al. (1999} and Kahn et al, (19494
sequenced a rapidly evolving portion of the contral
region of mitochondrial DNA (miDNA) from mine
populations of Sage-grouse in Colorado, spanning the
houndary between the commonly found Sage-grousc
and the Gunnison Sage-gronse. Both these data and
additional data from nuclear microsatellites (Oyler-
McCance et al. 1999} suggests a lack of gene low
between these groups.

Because the distinction between the castern and
western subspecies has been questioned (Johnsgard

1983), our objective was 1o use the methods of Kahn
et al. (1999) and Ovler-McCance et al. (1999) t©
determine whether there was evidence at the genetic
level to support designation of the western subspe-
cies. While penetic data alone can only support or
not supporl a subspecies distinction, we helieve that,
as in Young et al. (2000), morphological, behavi-
oral, and genetic data when used in conjunction, can
help clarify such taxonomic questions. In addition, we
were interested in providing information relevant to
an understanding ol gene flow, genetic diversity. and
evolutionary history among Sage-grouse populations
in Washington, Oregon, Nevada, and California. This
type of information can often be used in the dewvel-
opment of cohesive management strategies that take
genetic distinctiveness into account.
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Figure 2, Location of study populations. The solid line denctes the delineation between (he sastern and western subspecies as proposed by

Aldrich (1946},

Methods

Sage-grouse tissue samples were collected from 16
populations in California, Nevada, Oregon, and Wash-
ington (Figure 2}, crossing the boundary separating
the eastern and western subspecies as described by
Aldrich (1946, 1963). Approximately 20 birds were
sampled rom cach populaton {Table 1 Most Gssue
samples consisted of muscle obtained from wings of
hunter-killed birds. Consequently, these wings were

collected by hunt unit, which we are loosely referring
to as “populations™. These units were delineated by the
wildlife professionals most familiar with these birds
and the geographic regions in which they reside. These
biclogists further suggest the Lyon (NV) and Mono
(CA) populations are more appropriately considered
as a single contiguous population that happens Lo cross
a state boundary (1.5, Blankenship, pers. comm.;
5.1, Sdver, pers. comm.; C.E. Braun, pers. comm.;
LR, Young, pers. comm.). To minimize the concern
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of over-sampling [rom single broods, primarily adult
(86%) females (87%) were sampled after they had
already left their lek sites,

The only populations in this study thal are no
lomger hunted are those in Washington. Samples from
these birds consisted of either blood or feathers and
were provided by M. A, Schroeder of the Wash-
inglon Department of Fish and Wildlife, These hirds
were trapped following the methods of Giesen et
al. (1982) and blood was collected as described by
Ovler-MceCance et al. {19997,

In most cases DINA was extracted using a phenol-
chloroform based extraction as described by Kahn et
al. (1999, All other samples were extracted using
either a chelex-based method (Walsh et al. 1991
or the Wizard Genomic DNA Purilication System
iPromega), following the manufacturer’s instructions.

The Polymerase Chain Reaction (PCR) amplifica-
rion and manual sequencing was performed [ollowing
the protocol and using the primers outlined by Kahn
et al. (1999, in approximately lwo-thirds of the
cases. All reactions were performed using previ-
ously described primers, 167730 (Quinn 1992y 521H
(Quinn and Wilson 1993), and 418H (Quinn and
Mindell 1996). In their study, Kahn et al. (1999)
found that 92% of the variation contained in a 350
bp region of the highly variable mitochondrial control
region 1, was within a 141 bp region. It was this 141
bp hyper-variable region that was sequenced in our
study. The remaining one-third of our samples were
sequenced vsing a dye terminator cycle sequencing
reaction { Beckman Coulter CEQ2000Y), using the same
primer sets. In these instances, double-siranded PCR
products were cleaned using either QLAquick spin
columns (Qiagen) or Amicon Microcon-PCR Centri-
fugal Filter Devices (Millipare), following the manu-
facturers instructions. The cycle sequencing and sub-
sequent purification of the dye-labeled products was
performed using the manufacturer’s protocol, These
samples were then run on the CEQ2000 automated
sequencer (Beckman Coulter),

All sequences were aligned manually and haplo-
types were identified using the program MacDNAsis
Proo Yersion 2.0 (Hitachi), Nei's minimum distance
{Mei 1972, Roger's distance (Rogers 1972), and
Wright's modification of Roger's distance (Wright
1978} were calculated vsing the software TFPGA
{Miller 1997, Meighbor-Joining trees were con-
structed using the Phylip software package (Felsen-
stein 1989, A maximum parsimony analysis was
performed using the heuristic search algorithm in the
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software package PALIP*4 (bda (Swofford 1999), as
was done in Kahn et al. (1999, Evaluation of F-
statistics was performed using the TFPGA software
package (Miller 1997},

To determine whether there was genetic support for
the subspecies distinction, we used a randomization
test (Manly 1991), Tn this test, the six populations
belonging to the eastern subspecies were pooled as
were the nine belonging o the weslern subspecies,
The frequency of each haplotype was calculated for
each subspecies, using the following statstic:

k] . .
-~ (fiw; — fe;)
X (i)
F

where fiv is the frequency ol haplotype { in the western
subspecies and fe is the frequency of haplolype § in
the eastern subspecies. To compare these frequency
differences to those generated with randomized group-
ings, six populations were randomly assign w the
eastern subspecies and nine populalions to the western
subspecies, The test statistic © was then recaleulated.
This process was repeated 30,000 times, Our ori-
minal statistic was then compared to the distribution of
the 30,000 randomly generated statistics to determine
P values, This procedure was also modificd to test
whether the Lyon/Mono population and Washington
populations were staustically different from all other
populations,

Results

Thirty-eight haplotypes were identified among the 332
birds assayed (Table 1), Collectively across all haplo-
types, 4 sites were variable. These sites contained
27 transitions, 12 transversions, 7 deletions, 4 inser-
tions, and one site containing both a transition and a
transversion. Twenty of these sites were informative
for parsimony analysis. All haplotypes lell inw one
of the two distinet monophyletic clades (Clade 1 and
Clade I1) described in Kahn et al. (1999) (Figure 3.
Of these 38 haplotypes, 33 had not been described
in previous siudics by our lab {genbank accession
numbers AF5438063-AF543895). Labeling ol haplo-
Lypes by our lab has progressed alphabetically as they
have been identified. An evaluation of the distribu-
ton of haplotypes revealed thar five of the previously
identified and widespread haplotypes (A, B, Q, T,
and X}, were found in at least 6 and as many as 14
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Figure 3. Phylagram of the stnet-consensus tree of all haplotypes presented. The tree has a comsistency index of 0,882, a retention index of
0.570 wd a rescaled consistency index of 0,856, Bootstrap values = 50 are presented on the hranches of the ree.

af the populations sampled, Of the hirds sampled,
221 (66.6%) had one of these live haplotypes. The
X haplotype was [ound in all populations sampled
excepl the Lyvon/Mono population. This widespread
haplotype was the only one found in the Yakima
(WA populaton and constituted the majority of the
haplotypes in Douglass/Grant (WA) birds,

Of the 29 newly identified haplotypes, 17 are
unigque to single populatons. Of the remaining 12,
only three are present in more than two popula-
tions. The most abundant and widespread haplotypes
encountered in this study (A through X) are also found
in eastern Sage-grouse as far away as Colorado, When
these common haplotypes are removed from our data
set, only 11 haplotypes that are shared among two or
more populations remain,

Since all multiple neighbaor-joining trees suggested
similar partitioning, a single representative tree is

presented (Figure 4). There is no partitioning of the
populations representing the castern and western sub-
species. However, the Lyon/Mono and Washington
populations do segregate from the other populations,

The distribution of novel haplotypes was evalu-
ated, as was the proportion of novel haplotypes among
groups. The frequency with which these novel haplo-
types are found in their respective groups ranged from
0 {Whitehorse, Wagonure, Beatltys, Steens, Sheldon
NWR, and Myve), o a high of 97.7% (Lyon/hMono)
{Figure 5). With the exception of Lyon™Mono, no
population had more than 30% of its individuals com-
prised of these novel haplotypes. The F-statistics
provided no support lor the subspecies distinetion (Fsl
=(.0356, p = 0.03).

The randomization lest showed no genetic sup-
port for the subspecies distinetion (x = 1.49, F =
(.057. In contrast, the distribulion of haplotypes in
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Lyon/Mono was statistically different from all other
populations (x = 386, F < 0,001, The Washington
populations were also statistically different from all
other populations (x = 2.61, # < 0.053).

Discussion

Fossil records from the Pleistocene document Sage-
grouse in Colorado, Nevada, New Mexico, Utah,
Wyoming, and Idabo (Shofeldt 1913; Howard and
Miller 1933, Howard 1952; Miller 1963; Miller 1963,
MeDonald and Andersom 1975; Grayson 1976; Emshe
1985; Emslie and Heaton 1987; Emslie 20013, By
6,000 years ago Sage-grouse were also documented
in northern California (Miller 1963; Grayson 1976),
Pollen records suggest that the requisite sagebrush
{Artemizia spp.) habilal was patchily  distributed
throughout the southwestern United States during the
Fleistocens (Van Devender and King 1971; Wright
elal. 1973, Madsen and Currey 1979, Emslie 1986;
Nowak et al. 1994: Hall and Valastro 1995, Koehler
and Anderson 1995). It would follow that Sage-grouse
were limited to these patchily distributed refugia
during this Epoch. This may cxplain the two distinet
monophyletic haplotype clades described by Kahn et
al. (199%3), These two clades are thought to have begun
diverging approximately 830,000 vears ago in two
geographically isolated populations of Sage-grouse.
Under this hypothesis the two clades subsequently
intermixed as these populations re-converged.
Analysis of Molecular Variance (AMOVA) is ofien
used for the analysis of sequence based population
data in part because it can weight allelic/haplotypic
differences according to the number of base substitu-
tions between them, However, in this case, the largest
differences between haplotypes come in comparisons
between members of Clade T and Clade 100 Tt 15 the
considerable sequence divergence between these two
haplotype clades that pose unique difficulties in per-
forming conventional molecular analyses (Figure 3.
These differences actually relate to biogeographic
conditions that no longer exist {(see ubove) and hence
weighting haplotypes according to those differences
adds more noise than signal to the analysis. The subtle
molecular differences among the modern populations
that we have sampled are found in the relatively
shallow branches ol the respective clades and become
obscured when haplotypes of its divergent sister clade
are included. All populations, excepl Yakima (WA,
contain multiple haplotypes from bath clades. Further-

mure, sinee neither clade is predominant in all popula-
tions, neither can be independently evaluated in our
midecular analyses, g8 we would thus encounter unac-
ceptably low sample sizes. Consequently. our analyses
focused primarily on the distnbution of haplotypes
among our populations, rather than on haplotype dis-
tances, It is specifically because of these difficulties
that stutistical tests such as AMOVA were lorsaken
for the frequency based randomization test previously
described.

The number of haplotypes per population ranged
from one (Yakima, WA to nine (Warmer, OR), with an
average of 6.4, Most populations had a combination
of common, rare, and novel haplotypes, The distri-
bution ol widespread, common haplotypes showed
there was no obvious genetic subdivision berween the
eastern and western subspecies. In addition, 42% of
birds in this study share five haplotvpes (A, B, I, X,
AG) with populations from Colorado and Utah (Kahn
et al. 1999}, The Washinglon populations and the
Lyon/Mono population are obvious exceptions to this
overall pattern.

Ten of sixteen populations sampled contain novel
haplotypes that, to date, are unigue to those popula-
tions. Typically, these haplotvpes vary from those pre-
viously described by a single hase change (Figure 3),
They oceur in low [Tequency in most populalions, Lypi-
cally fewer than 10% of the individuals, In stark con-
trust, 87.5% of the haplotypes found in the Lyon/Monao
population are novel, constituting 97.7% of the birds
sampled (Figure 5). The only shared haplotype is
from a single individual possessing the widespread 3
haplotype. Further, the Lyon/Mono popuolation does
nol contain the ubiguitous X haplotype that has been
found in every other population sampled in this study.
This high proportion of novel haplotypes coupled with
the lack of the X haplotype suggest the Lyon/Mono
population has been isolated From neighbonng popula-
tions for a considerable amount of time, Further, since
nowvel haplotypes closely related to both of the diver-
zent Sage-grouse mitochondrial clades can be found,
it is likely that the isolation of this population occurred
aller the intermixing ol historic populalions repre-
senting the two major haplotype clades. Over thou-
sands and perhaps ens of thousands of years, factors
such as mutation, genetic drift, and the fixation of rare
haplotypes have resulted in the significant divergence
of the Lyon/Mono population from other Sage-grouse
populations,

The Washinglon populations contain the lowest
level of haplotype diversity ohserved. Although two



haplotypes are unique to the Douglass/Grant popula-
tion, 4 single haplotype (X) is found in the majority of
individuals (86.1%). Low allelic diversity is expecled
in populations that have recenily experienced severe
bottlenecks (Hoelzel et al, 1993; Zink 1994; Bouzal L
al. 1998; Le Page et al. 20040, Given that these popula-
tions now oceupy between 8 and 10% of their original
range (Friedman and Carlton 1999), such a bottleneck
is plausible. Nonetheless, these results could also be
explained by the founder effect as the species’ range
expanded into its northwestern edge during relatively
recent postglacial periods.

The neighbor-joining tree shows a lack of dicho-
tomy hetween the populations representing the eastern
and western subspecies (Figure 4). The long branch
length of the Lyon/Mono population is atributable
o the unigue allelic composition of these birds, as
evidenced by both their high proportion of novel
haplotypes as well as the lack of the widespread X
haplotype. Conversely, the long branch representing
the Washington populations can be explained by their
relative low level of haplotype diversity, This lack
of genetic diversity, rather than their unigue allelic
composition, sets the Washington birds apart,

Using mtDNA  sequence data, we found no
evidence o support the subspecies delineation pro-
posed by Aldrich (1946), These data, however, did
uncover the distinctiveness of the Washingron and
Lyon/Mono populations, The low genetic diversily in
the Washington populations is likely a reflection of
population declines (Schroeder et al. 200K}). The prob-
able loss of genetic variation caused by this bottleneck
and its potentially long-term adverse impact (Bouzat et
al. 1998; Le Page et al. 2000 should be addressed as
management siralepies are developed for these popula-
lions. Active management, such as translocation of
birds, may be justified o ensure their continued per-
sistence. Preservation of genetic diversity represented
by the unigue allelic compositon of the Lyon/Mono
population is also of particular importance for conser-
vation. Given the likelihood thal the distinctiveness
of newtral genetic markers extends to genes under
adaptive selection, this population should be man-
aged independently to avoid the translocation of other
Sage-grouse into this area,

Studies in our lub are ongoing o further evaluare
populations of Sage-grouse throughout their range,
using nuclear microsatellite markers. Meanwhile, it
will be critical that additonal morphological and
behavioral studies of the Lyon/Mono population be
undertaken to address laxonomic guestions. Sound
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conservation strategies require that multiple and muto-
ally supportive lines of evidence be vsed to make
priudent delineations at the species and suhspecies
level.
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